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Abstract
Society’s overuse of petroleum-based plastic products has created a waste problem
that is threatening environments around the world. New efforts have been made to find a
suitable replacement derived from a renewable source. Poly-lactic acid has become one of
the front-runners in this search. It is derived from starches found in potatoes, corn, and
other grains. There are many factors that make Poly-lactic acid-based polymers a suitable
replacement for petroleum-based ones, but it still suffers from low mechanical strength
due to low crystallinity percentages. Doping the polymer with nanocrystalline cellulose
provides more nucleation sites for the crystallization of the polymer than provided by
homogeneous nucleation. The results of this doping are analyzed by mechanical tensile
testing and Differential Scanning Calorimetry testing.

Background
Petroleum-based plastic is one of the most used materials in society. It’s used for
boxes, cups, bags, plates and utensils. Plastic is easily recyclable but there is no strict policy
for collecting plastic waste and melting it down. More often than not plastic items are
thrown away and sit in landfills. It has long been know that plastic waste is a hazard to
wildlife. Petroleum-based plastic takes hundreds to thousands of year to decompose. When
it finally does, it creates compounds that can be harmful to the environment by
contaminating the soil or groundwater in the area. A well-known manifestation of our overuse of plastic is the Great Pacific Garbage Patch, as well as the lesser known one residing in
the North Atlantic Ocean (National Geographic, 2012). These patches are harmful to the
animals that may live near them. They grow every year and there have been few attempts
to clean them. Scientists realized that humanity cannot simply break from its dependence
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on plastic, nor can we possibly hope to recycle the already monumental amount of
petroleum-based plastic circulating along with the new plastic waste added each day.
The general consensus then is that first we need to prevent the addition of more
plastic waste before we can work on recycling the waste that has already been produced.
One of the first solutions companies implemented was to make their products out of
recycled plastic. This practice has become widespread but only among large manufacturers
who can afford it. Another response was to switch to recycled paper board products but
this encountered the problem that paper is difficult to waterproof. Some companies have
developed waterproof coatings for use on containers such as to-go boxes.
These two solutions, while useful, can be expensive. Recycled plastic has the same
properties of virgin plastic but occasionally the processing needed to melt it down and
produce new pellets can be an expensive addition to a new manufacturer. In addition to
this problem, there is not enough recycled plastic being produced to match the demand for
plastic products. Recycled paper has already been in use for decades but suffers from
having properties that are not suitable for all the applications that petroleum-based
plastics are used for. However an alternative type of material, bioplastics, has been
developed. Bioplastics can be produced in large quantities and is biodegradable.

Bioplastics
Bioplastics is a classification of plastics that are either biobased, biodegradable or
both (Figure 1). There are biobased versions of polyethylene as well as polyethylene
terephthalate (PET), two of the more common petroleum-based plastics used in mass
production. They are among the bioplastics that are not biodegradable but are made of
naturally occurring ingredients and can last for an operating life span of multiple years.
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Figure 1: Graph
displaying the
different types of
bioplastics and their
categories based on
biodegradability
and base materials
(European
Bioplastics, 2012).

This makes them a good replacement for applications that include a lot of wear. New
advances in petroleum-based plastics research has led to plastics that are still petroleumbased but are now biodegradable. Their use is limited to being used in conjunction with
biobased, biodegradable plastics to improve specific mechanical properties. Biobased,
biodegradable plastics are a bright new star in the plastics industry. There are various
types including cellulose and starch-based bioplastics and naturally-forming polymers such
as polylactic acid (PLA), the material being investigated in this project (European
Bioplastics, 2012).
Polylactic acid is made of lactic acid found in starches. Currently, corn, wheat and
potatoes are the most common sources of lactic acid for PLA production (Smithsonian,
2006). Lactic acid is derived from the fermentation of these sources. Figure 2 shows the
steps of the process to make PLA from this lactic acid. The acid is mixed with a catalyst and
then undergoes a reaction, called oligomerization, where its monomers start connecting in
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pairs to produce dilactide. There are three types of
dimers that can be produced, D-lactide, L-lactide,
and meso-lactide, which are differentiated by
where their methyl groups are in the molecule
(Figure 3). Which dilactide is produced depends on
which lactic acid is used to make it. L-lactic acid
produces L-dilactide and D-lactic acid produces Ddilactide, but if they are combined then mesoFigure 2: A flowchart displaying the process
of creating PLA from lactic acid (Ajioka,
Enomoto, Suzuki, & Yamaguchi, 1995).

dilactide will be produced. As the lactic acid
monomers start to bond, excess hydrogen and

oxygen atoms accumulate and bond to form water. This water is removed gently to insure
that a high-molecular weight polymer is created. Next a solvent is added to facilitate the
removal of the small amount of water that remains in the solution.

Figure 3: This diagram displays the two types of lactic acid, the different molecular arrangements of the
dilactides and the chains of polymers they produce (Ajioka, Enomoto, Suzuki, & Yamaguchi, 1995).
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The polymerization of lactic acid to a dilactide occurs by a process called ringopening polymerization. Ring-opening polymerization is the creation of polymer chains by
splitting open the dilactide rings and connecting the resulting strands. While
polymerization is occurring, the solvent and the water is removed by drying the solution
with a molecular sieve. A molecular sieve is a material that can absorb gases or liquids
based on the size of the molecule. The sieve material has micro-pores that will admit a very
specific range of sizes (Frontier, 2012). The sieve absorbs the solvent and the water and
leaves the polymer chains intact. Once polymerization of the lactide has completed, the
solvent is recombined with the polymer to create a solution from which the polylactic acid
can be isolated and removed (Ajioka, Enomoto, Suzuki, & Yamaguchi, 1995). The PLA is
then processed into small pellets that are easy for manufacturers to process and melt.
While PLA is easy and relatively inexpensive to make, its properties are not sufficient for it
to be a total replacement for petroleum-based plastic. It suffers from the combination of
high strength but low ductility making it brittle. It also has a low melting temperature,
around 160°C, which helps in production but can cause problems in food packaging. The
structure of the polymer chains controls these properties.
Normally, polymer chains have no regular structure within the material. Plastics
have high ductility because these chains are loose and able to stretch out when force is
applied to them. Most of a plastic is composed of these amorphous phases. When a polymer
crystalizes, these chains will fold themselves into layers and stack these layers into a
configuration that’s called lamellae crystals and create a rigid structure (Zeus,
2010)(Figure 4). As a force is applied to these tightly folded chains, they will not unfold and
stretch as easily an amorphous chain. More energy is required to break the Van der Waals
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Figure 4: This picture
illustrates how polymer
chains will fold up and
stack together to form
lamellae crystals (Zeus,
2010).

bonds that have formed between the layers of the chains. This means that an increase in
crystallinity would lead to a higher strength value and a higher melting temperature. It has
been found that neat PLA has very slow crystallization rates which causes low amounts of
crystallization in the polymer (Pei, Zhou, & Berglund, 2010). If the crystallization rate could
be improved, then the end product would be PLA with more crystalline regions, more
strength, and higher melting temperature.
There are a few ways to increase crystallinity, however this project will explore the
proposed solution of increasing the crystallinity of the polymer by creating heterogeneous
nucleation sites to increase the rate of crystallization of PLA. Crystallization happens when
the chains have something to structure themselves around, such as other chains. Since the
chains are spread out inside the material, there are few opportunities for the chains to
interact and cause the crystal regions to form. The addition of particles made of another
material creates more nucleation sites for the chains to latch onto and create crystals.
Other plastics have been added to PLA and other bioplastics to create these sites.
Depending on the type of plastic used, it may or may not affect the biodegradability of the
resulting composite. Nanocrystalline cellulose arose as a simple and effective additive to
create the necessary nucleation sites without altering the biodegradability of PLA.
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Nanocrystalline Cellulose
Nanocrystalline cellulose (NCC) particles are created by treating cellulose fibres
with acid, in a process known as acid hydrolysis. Cellulose is similar in molecular structure
to PLA in that it contains amorphous and crystalline regions, though the crystalline regions
make up a majority of the cellulose. When the fibres are treated with acid, the cellulose
breaks down causing the crystalline regions to fracture and create rod-shaped nanocrystals
(Figure 5). Occasionally spherical-shaped crystals form as well (Peng, Dhar, Liu, & Tam,
2011). The solution that is created is a slurry of nanocrystalline particles suspended in the
acid. The slurry is then allowed to sit for a period of time so the particles can accumulate
and separate from the acid. Some of the particles are so small, that they never completely
fall out of solution and there is a noticeable region between the cellulose and the acid

Figure 5: These micrographs show the structure of nanocrystalline cellulose after acid hydrolysis. The
materials used were (a) cotton, (b) avicel, and (c-e) tunicate cellulose. The insets in (a) and (b) are higher
resolution. They were published in the article “Chemistry and Applications of Nanocrystalline Cellulose and
its Derivatives: A Nanotechnology Perspective” in The Canadian Journal of Chemical Engineering in 2011.
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where they are still mixed. Once enough separation has occurred, the solution is washed
with deionized water in a centrifuge. The excess acid/water is poured out after each spin
cycle. Fortunately though, a generous company donated some NCC to the department,
which made it unnecessary to produce it for this project.
Theoretically, using nanocrystalline particles will produce a higher amount of
crystalline regions than using unaltered fibres. This happens because there is a larger
amount of surface area created by the particles that will facilitate crystallization. Since the
particles are smaller, more particles will be able to be added to the PLA without
compromising the overall structure of the PLA. With sizes around 15 nm in diameter and
300 nm in length, they are less likely to cluster and produce regions big enough to hamper
the hydrophobic properties of the PLA matrix (Peng, Dhar, Liu, & Tam, 2011). With both
substances being organic, they have similar, though not identical, structure made of similar
elements. These elements have preferred ways of organizing themselves as seen in the
repeating chains that make up all organic molecules.
There is one major hurdle that stands in the way of creating this new plastic. Liquid
PLA is non-polar and nanocrystalline cellulose is polar and often suspended in water. The
main culprit of this is the hydroxyl groups that are on the outside edges of the cellulose
(Figure 6). They will cause “agglomeration or entanglement” amongst the cellulose crystals,
according to Mukherjee, when it is mixed with liquid PLA. This prevents proper dispersion
of the crystals into the matrix. The large clumps that form will affect the structural integrity
Figure 6: A diagram
of the molecular
arrangement of a
cellulose molecule
(Mukherjee, et al.,
2013).

Figure 7: A diagram of
the molecular
arrangement of a
sulfate ester that can
attach to the outside of
a cellulose molecule
(Alkylsulfate, 2011)

8|Page

of the composite because of their size. Another effect of large cellulose clumps is the
absorption of water due to cellulose being hydrophilic. The water will cause it to swell and
soften losing its desired stiffness. This is why the acid hydrolysis mentioned earlier is an
important processing step. When the cellulose is mixed with the sulfuric acid solution, not
only is it breaking it down into nanocrystals but it replaces those hydroxyl groups with
sulfate ester groups (Figure 7). These new functional groups are hydrophobic and allow the
cellulose to disperse evenly into the PLA. This surface treatment is only temporary and the
cellulose will regain its hydroxyl groups if removed from the acid (Peng, Dhar, Liu, & Tam,
2011).

Testing Mechanisms
A standard tensile test with rectangular or oar-shaped samples can be completed to
confirm an increase of mechanical properties. The testing for this project does fall under
the category of thin films because the samples produced are less than 1mm in thickness.
That is the highest possible thickness for mechanical testing of thin films, as required by
ASTM standard D882-12. Multiple tests for each batch of PLA composite will need to be
tested to obtain accurate and definitive data.
Differential scanning calorimetry (DSC) is a procedure that can help determine the
crystallinity of a material. In this test, a small sample is heated and then cooled. The sensors
observe when the heat flow in a sample changes, which only happens when a phase change
occurs in the material. This results in a peak or a valley in the resulting graph. The area
under these peaks and valleys is equal to the heat required or released by that phase
change. Common phase changes in plastics are melting, glass transition temperature and
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cold crystallization temperature. Hermansson (2012) and Kong and Hay (2002), both used
this change in heat flow to calculate the crystallinity of a polymer.

Previous Studies
In 2013, Mukherjee, Sani, Kao and their associates found that a 2.5 wt% of cellulose
in the PLA produced the best distribution and increased crystal nucleation. They also
determined that above 5 wt% the cellulose particles would start to cluster and reduce
possible nucleation sites. This clustering also leads to a decrease in mechanical strength
because it impedes the motion of the polymer chains within the material.
A 2012 thesis project from Chalmers University examined different compositions of
polymers and a similar method of producing the polymer. In the project, Åsa Hermansson
created 5, 7.5 and 10 wt% nanocrystalline cellulose and PLA composites. Hermansson
created the solutions for casting by suspending the cellulose in acetone and allowing PLA
pellets to dissolve in the acetone. The solution was then cast in petri dishes, providing a
shape appropriate for the permeability tests the project called for. These two projects do
not use the same materials that will be used in this project. Mukherjee’s project used
cellulose acetylated with acetyl chloride and Hermansson used dichloromethane as a
solvent. However they provide a basis for this project to start producing PLAnanocrystalline cellulose composite samples.
Pei, Zhou and Berglund successfully obtained micrographs of the crystallization
reaction inside the composite by using polarized optical microscopes. They melted a small
amount of their composite at 210°C, confirmed that it was a unified melt, quenched it to
125°C and obtained pictures at 0, 5, and 10 minutes of the cooling process (Figure 8). That
type of procedure would not be possible in this project but obtaining micrographs of the
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Figure 8: These pictures show the increase in crystallization due to the addition of nanocrystalline cellulose.
The top row is after 5 minutes of cooling and the bottom row is after 10 minutes (Pei, Zhou, & Berglund,
2010).

final crystallization of neat PLA and composites with differing cellulose contents would
provide valuable insight into the effect the cellulose has on the PLA.

Outline
Samples were made by mixing the cellulose into PLA and casting the resulting liquid
into an appropriate mold. Only small batches of the liquid were made at a time to ensure
that the cellulose was evenly distributed in the PLA. Each batch contained a different
weight percentage of NCC to PLA, ranging from 0 wt% to 4 wt%. Mechanical testing was
performed to determine the strength of the composite while Differential Scanning
Calorimetry testing was performed to acquire the data needed to calculate the percent
crystallinity of the composite. The purpose of this project is to investigate techniques to
improve the crystallinity and therefore the strength of the resulting composite As this was
a new project for the Materials Engineering department, this project was also intended to
create operating and safety procedures for creating our own PLA and nanocrystalline
11 | P a g e

cellulose samples. Previous projects have created PLA-barium sulfate and Arabininnanocrystalline cellulose composites.

Procedure
Dissolving Poly-lactic Acid
The operating procedure of a past student project was provided by Professor
Harding. It described method of dissolving Poly-lactic acid (PLA) into acetone and then
casting the solution onto a microscope slide. The first attempt at using this method did not
work. It was discovered that the PLA used in that procedure was different from the PLA
that was being used in this project. The PLA pellets used in this project were specifically
formulated to resist acetone. Tetrahydrofuran (THF) was substituted as a solvent using the
same 10 mL per 1 g of PLA ratio described in the original procedure. The THF proved to be
extremely prone to evaporation and had to be kept under the fume hood at all times due to
the harmful vapors. In addition, the vapors from the solution were capable of melting the
parafilm that was placed on top of the beaker to keep the vapors in. That lead to the
decision that all implements used in this project had to be glass or metal. A large glass petri
dish was placed on top of the beaker to keep the vapors in and prevent evaporation. The
first attempt to dissolve the PLA pellets in the THF did not work and no solution was
created. To speed up the process, the THF was heated while the PLA was being dissolved. A
thermocouple was used to try to prevent the THF from reaching its boiling point. However,
the solution coated the thermocouple wires in a plastic sheath rendering them inaccurate
and unusable. Instead a pattern was devised where the solution was heated for twenty
minutes, then the hot plate was turned off until the solution was about to be casted. The
timing was chosen because at twenty minutes the PLA pellets would begin to clump
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together and stick to the beaker so strongly that the stir bar could not move them. At the
twenty minute mark, after the hot plate had been turned off, the pellets were stirred
manually to break up the clumps that stir bar could not. A metal stirrer had to be used after
a glass one broke while breaking up the PLA clumps. Once the solution was ready to be
casted, the hot plate was turned on for a minimum of 5 minutes to ensure that the solution
had the correct viscosity for casting.

Casting Samples
In the original procedure, the solution was casted onto glass microscope slides.
However, this would produce samples that were much smaller than those needed for this
project. Five inch diameter glass petri dishes were obtained to use instead. Following the
original procedure, the first sample was casted onto the glass petri dish, left to sit for thirty
minutes to allow the THF to evaporate, and then cured in the vacuum oven at 180°F and
0.075 psi for thirty minutes. This resulted in samples that were made exclusively out of
bubbles that had formed from trapped THF evaporating and trying to escape. The casting
had solidified too fast during the first thirty minutes and had trapped a large amount of
THF. In addition the sample was too thick and was not the thin film this project needed
(Figure 9). The first attempt to solve this was to place the sample in the vacuum oven
immediately after casting it. This too resulted in thick samples that were largely made of
bubbles. The next idea was to cast the sample onto a heated petri dish. The petri dish was
placed on a hot plate for ten minutes before the sample was cast and for the duration of the
casting process until the sample was moved to the oven. This resulted in the same type of
sample as before. Next the temperature of the oven was raised to 310°F, a temperature
above the melting point of PLA, in the hopes that the sample would stay liquid long enough
13 | P a g e

Figure 9: This image shows one of the
first samples produced following the
original procedure. Note the abundance
of bubbles in the samples.

for the THF to fully evaporate. This yielded samples
that had less bubbles than before, but still too many to
have a clear sample to test. Since none of these
procedures were working, simply casting the sample
was switched out for slip-casting. The bottom of the
petri dish would be coated with the solution and then
the excess would be poured off.
The first slip-casted samples were the thin films
that were needed and they seemed to solidify and

1 inch

cure on their own in about thirty minutes. However,
the samples were now composed of ridges instead of bubbles (Figure 10). It was theorized
that this was due to uneven thicknesses in the sample during solidification and curing, as
well as if the sample dried while the excess solution was being poured off. In an attempt to
reduce the ridges, the petri dishes were coated with just enough solution and as much as
possible was poured off to produce samples that where as thin as possible. This did not
reduce the occurrence of the ridges, but instead caused the samples to tear as they
contracted during solidification. Attention turned back to the original procedure and it was
decided that the samples needed to be cured in the vacuum oven. Since the samples dried
extremely quickly, they were not allowed to sit but were instead immediately placed in the
vacuum oven at 180°F and 0.075 psi. The samples produced by this method were thin and
clear of major defects. Each sample contained plenty of area that could be used for samples
(Figure 11).
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Figure 10: This samples was formed through
slip-casting. There are no longer any bubbles
but the samples is now filled with ridges.
However the sample is thin enough to be
classified as a thin film.

Figure 11: This is a sample that was produced
through slip-casting and was then cured in the
vacuum oven. It is clear and free of defects such as
ridges and cracks.

Creating a Poly-lactic Acid & Nanocrystalline Cellulose Composite
Now that the procedure for dissolving PLA and casting samples had been
established, it was time to add nanocrystalline cellulose (NCC) to the solution to create the
composite. The percentages chosen for the composites were 1.7 wt% and 3.5 wt%.
Calculations were completed to determine the amount of NCC that had to be added to the
solution to reach the desired percentages. The NCC was poured into the solution before the
final heating phase and allowed to dissolve into the solution. The NCC dissolved fairly
easily, though the 3.5 wt% amount did take longer to dissolve due to the larger amount
being added. The composite samples were slip-casted and cured exactly like the neat PLA
samples. The 1.7 wt% samples were thin and less translucent than the neat PLA samples
(Figure 12). One of the 3.5 wt% samples was free from defects, but the other two were not.
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In one samples there were white specks and in the other sample there were large, white
rings.

Testing
Three types of testing were planned for this project; tensile testing, Differential
Scanning Calorimetry (DSC), and X-Ray Diffraction (XRD) testing. Unfortunately there was
not enough time to compete the XRD tests before the deadline. The sample group to be
tested contained one neat PLA sample, two 1.7 wt% samples and three 3.5 wt% samples. In
order to undergo tensile testing, a 1.5 inch strip was cut from each sample. The lengths of
the strips were recorded but were not pertinent to the test. Specific thin film grips were
attached to the Instron machine that was used. Each strip was placed in the grips and
secured. Parameters were input into the computer program as well as the dimensions of
the samples. The test ended when the sample failed, which usually was caused by the
composite tearing. The sample would be removed and the next one would be inserted. The
resulting graph would be the extension of the sample in millimeters plotted against the
load on the sample. Since the samples were films and not solid samples, there was no way
to maintain a constant starting tension. This lead to the extension
values that were not accurate. However, this project was only
interested in the loads the samples could carry, not in calculating an
accurate tensile strength or elastic modulus, so the extension values
could be disregarded.
The DSC testing was added as a testing
method as a potential way to calculate the
percent crystallinity of a sample. The testing

Figure 12: This is a
sample that contains
1.7 wt% NCC. It is
free from defects and
is slightly less
translucent than the
neat PLA samples.
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required between 10 – 20 mg for a test. A sample of the film of that weight was too large to
fit into the small, sample pan. Each sample was weighed out then folded in half repeatedly
until the sample was small enough to fit into the pan. Using the DSC software and the
graphs from the tests, the heat of fusion and the heat of cold crystallization were measured
for use in Equation 1. ∆H0m is the heat of fusion for a polymer that is 100% crystallized and
has a value of 93.1 J/g for PLA.

Equation 1:

𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑖𝑛𝑖𝑡𝑦 (%) =

1
1−𝑤𝑓

∆𝐻𝑚 −∆𝐻𝑐
0
∆𝐻𝑚

Results
The first test to be completed was the tensile testing. Figure 13 and Table I show the
results from that testing. The 3.5 wt% sample represented by the yellow line was able to
hold the largest load but it was the only 3.5 wt% sample to do so. The 1.7 wt% samples also
carried higher loads than the neat PLA samples and were more consistent.

Figure 13: This is a graph displaying the load capacities of the six samples testing during the course of this
project. The load capacities of the composites are mostly higher than that of the neat PLA sample. The
reason for the lower values for the two composite samples are discussed later in this report.
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Next the DSC testing was completed with samples from the same films used in the
tensile testing. The results are seen in Table II.

Table I: Load Capacity of PLA – NCC Composite Samples
Sample

Maximum Load (N)

Neat PLA

13.52

1.7 wt% #1

16.80

1.7 wt% #2

18.24

3.5 wt% #1

18.86

3.5 wt% #2

10.14

3.5 wt% #3

7.05

Table II: Percent Crystallinity Derived from DSC Results
Sample

Crystallinity Percentage

Neat PLA

33.3%

1.7 wt% #1

34.9%

1.7 wt% #2

35.5%

3.5 wt% #1

34.1%

3.5 wt% #2

32.9%
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Discussion
It was not possible to follow the ASTM standards that were originally chosen for this
project. The molds produced samples that were much too small for the standard and, due
do the many issues in the creation of a procedure, there was not enough time to
manufacture and test the number of samples needed for the results to be statistically
significant. Therefore the results in the previous section are not definitive results. However,
they are promising. The addition of the NCC particles did in fact increase the load capacity
of the material, by almost 5 N. The results also show that there is some point of diminishing
returns as well. While the one 3.5 wt% sample did better than the 1.7 wt% samples, the
other ones were not as consistent. This was because the cellulose had come out of solution
in the form of specks, white ridges, and large, white bands, as mentioned previously
(Figures 14 and 15). As the weight percent of the NCC increased, it became harder to keep
the cellulose in the PLA solution during curing. Even when the cellulose did stay in solution,
it only increased the load capacity by 0.62 N. It is unknown whether a weight percentage
between the two percentages in this project would provide a higher increase and still keep
the cellulose in solution easily.
Figure 14: This is
one of the 3.5 wt%
samples where the
cellulose dropped out
of solution during
curing. Here is
appeared as large
white bands. The tear
seen is from a tensile
test. It originates
from the middle of
the sample where the
highest concentration
of cellulose is, making
it more brittle than
the rest of the
samples.

Figure 15: This is
one of the 3.5 wt%
samples where the
cellulose dropped out
of solution during
curing. Here is
appeared as white
specks and ridges.
This tear is also from
tensile tests and it
originated along one
of the ridges formed
by the cellulose.
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This project was hopeful that the heat equation would result in crystallinity
percentages, thereby proving the hypothesis of this project that the increase in crystallinity
would lead to an increase in mechanical strength. Unfortunately the numbers show no
pattern and are inconclusive.

Conclusion & Recommendations for Future Work
This project started out with the plan to create Poly-lactic acid and nanocrystalline
cellulose composite samples and test them using a previous procedure. Instead this project
created an entirely new procedure (Appendix A) for the production of PLA-NCC composite.
Samples with no NCC, 1.7 wt% NCC and 3.5 wt% NCC were produced with this new
procedure and underwent mechanical and DSC testing. The tensile test data was not
definitive but it did greatly suggest that a small addition of NCC to the PLA did increase the
mechanical strength of the composite. Unfortunately this project was not able to calculate
the percent crystallinity through the equation from Hermasson’s project and cannot make
any conclusions as to whether or not the increase in mechanical strength was due to an
increase in crystallinity or not.
Now that a procedure has been created, it is possible for more research to be done
on this subject. Future projects should work on creating more samples of a better quality
than this project was able to achieve. The dimensions of the samples should also be
increased in order to follow the original ASTM standard. In addition to better quality
samples, a larger variety of compositions should be investigated as well, to determine
where the diminishing returns start for the addition of cellulose.
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Appendix A
Standard Operating Procedure: Manufacturing a Poly-lactic Acid and
Nanocrystalline Cellulose Composite
Materials and Equipment


Beaker



Stir Bar, preferably one with a length similar to the diameter of the bottom of the
beaker



Glass Stir Stick



Tweezers



Hot/Stir Plate



Large Glass Petri Dish



Sample Molds



Graduated Cylinder



Weigh Boats



Scale



Timer, physical stopwatch or phone



Poly-lactic Acid (PLA) Pellets



Tetrahydrofuran (THF)



Nanocrystalline Cellulose

Safety Concerns
 Complete the dissolving process under a fume hood at all times while wearing an
apron, gloves and goggles.
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 Always wear thick rubber gloves when working with the THF or the molds.
 Try not to position face directly above the beaker during the dissolving process.
 When removing the samples from the vacuum oven, make certain that there is
ventilation out of the room and always wear a respirator mask.
 Leave used materials under the fume hood for as long as possible to allow excess
THF to evaporate.

Procedure
Dissolving PLA in THF
1. Obtain all the necessary materials and equipment.
2. Turn on the vacuum oven and set it for 180°F. It will over shoot the desired
temperature and then drop back down. If it is turned on and set before you begin, it
will be at the right temperature when the PLA is finished dissolving.
3. Determine the amount of PLA that will be need to be dissolved and weight it out in a
weigh boat on the scale.
4. Under the fume hood and using the graduated cylinder, pour out 10 mL of THF per 1
g of PLA that needs to be dissolved.
5. Place the stir bar in the beaker and place the beaker on the hot plate.
6. Turn on the stir and heat settings to the lowest setting, usually setting 1.
7. Pour the THF and the PLA into the beaker and cover with the large glass petri dish.
Start the timer now.
8. Make sure that the stir bar is stirring in the center of the bottom of the beaker.
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9. Allow the solution to stir unaided for roughly twenty minutes or until you notice
that the PLA pellets are sticking to the side of the beaker and the stir bar can’t move
them.
10. Turn of the heat at this time but not the stir bar. Remove the petri dish from the top
of the beaker. Using the glass stir stick, break up the clumps as they form. Continue
to do so until the PLA stops sticking to the beaker or other pellets.
11. Allow the pellets to dissolve further if necessary. It is not necessary to dissolve them
completely because at this point the solution is saturated with PLA, enough to create
the composites. If the vacuum oven is not at the desired temperature, wait at this
step until it is done.
Adding Nanocrystalline Cellulose
1. When the PLA pellets have dissolved enough or the vacuum oven has reached the
correct temperature, measure out the amount of NCC required to reach the desired
composite composition.
2. Pour the NCC into the beaker and allow it to mix completely with the PLA solution.
3. Once the NCC is thoroughly mixed, turn the hot plate back on at the lowest setting,
usually setting 1. Heat the solution for a minimum of 5 minutes to ensure that the
solution is the correct viscosity for the slip casting.
Casting the Samples
1. Ensure the molds are clean and dry and place them under the fume hood near the
hot plate.
2. Turn off the heat and the stir bar. Quickly remove the petri dish from the beaker and
take out the stir bar using a pair of tweezers.
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3. Pour enough solution into the first mold to thoroughly coat the bottom of it.
Continue down the line of molds in this manner until there is no more solution in
the beaker.
4. Take the first mold and pour the excess solution into the second mold making sure
to cover the bottom of the mold thoroughly. Take the second mold and pour the
excess in the third mold, making sure to cover the bottom of the mold. Continue to
do this with all the molds until there is not enough excess solution to cover the
bottom of a mold.
Curing the Samples
1. Immediately take the coated molds to the vacuum oven and carefully place them
inside. If you are curing multiple samples, note which sample was placed where.
Close and lock the door.
2. Close the vacuum vent valve and Open the vacuum valve.
3. Turn on the vacuum pump until the pressure reaches between 0.07 and 0.08 psi.
Close the vacuum valve and then turn off the vacuum pump.
4. Allow the samples to cure for thirty minutes in the oven
5. Once the thirty minutes is up, open the vacuum vent valve slowly and wait until the
pressure gauge reads 0 psi. The door will not open until the pressure has been
completely released.
6. Open the oven and remove the samples using heat-resistant gloves. Place the
samples under the fume hood for a few minutes to remove any lingering THF vapors
and allow the molds to cool.
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Removing the Samples from the Molds
1. Take the samples to a sink and fill the molds with cold water.
2. Using a pair of tweezers, carefully remove the samples from the mold while still
filled with water. The samples should slide right out. If there is resistance, do not
force it. Let the sample soak a little longer and try again.
3. Place the removed samples onto a paper towel and carefully pat them dry.
Clean Up
1. Clean and put away all glassware. To remove dried solution from the beaker, stir bar
or glass stir stick, soak them in cold water and peel off the plastic film.
2. Unplug the hot plate and put it away.
3. Turn off the oven and close the door.
4. Make sure all spills and properly cleaned prior to leaving the lab.
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